Low nitrogen use efficiency (NUE) and productivity with excessive use of N fertilizer in maize (Zea mays L.) is a common issue for smallholder farm systems. A 2-yr field study was conducted to assess the impacts of integrated agronomic management strategies (MT) on pre-and post-silking N uptake, dry matter (DM) production dynamics, and their relationships to yield and NUE components. Three MTs were compared with the regional conventional farming practices (FP). We found that biomass yields differed significantly with similar harvest index (HI) among the MT treatments. While OPT-1 produced 21% greater DM but only 4% greater grain yield, OPT-2 had 27% higher yield, and 200% greater NUE, compared to FP. Our results showed the possibility of simultaneously achieving high yield and high NUE with optimized MT. In OPT-2, 13% greater DM production and 12% more N uptake after anthesis contributed 5% more to grain yield and 18% more to grain N. In HY, excessive N input did not improve the stay-green trait nor did it enhance grain yield. These results imply a better balance between improving total biomass and achieving more DM accumulation in the post-silking period with gradually optimized agronomic management practices than other MT. The enhanced NUE observed in OPT-2 primarily originated from the improved N recovery efficiency, which was associated with larger root biomass at silking and greater post-silking N uptake. Further NUE improvement in maize could be anticipated through enhanced N internal efficiency by balancing DM and N accumulation between vegetative and reproductive periods.
steady decrease in arable land, and environmental risks caused by excessive fertilizer input, the inevitable choice for guaranteeing food security and sustainable development lies in making improvements to grain yield and fertilizer use efficiency, most notably NUE (Cui et al., 2010; Guo et al., 2010; Ma et al., 2014; Raun et al., 2002; Zhang et al., 2011) . Given that high yield is usually accompanied by low N partial factor productivity (PFP N ; the ratio of yield to the amount of applied N) in a smallholder farm system, an understanding of the underlying changes in DM accumulation and N utilization in grain formation is important for concurrent improvement in grain yield and NUE (Gao et al., 2012) .
Grain yield can be expressed as the product of shoot biomass and harvest index (HI) . From a genetic point of view, grain yield improvement during the past four decades is directly associated with seasonal dry matter accumulation (Duvick, 2005; Echarte et al., 2004 ). An improved grain yield among newer hybrids compared to older ones was attributed to greater DM accumulation during the grain-filling period rather than the preferential partitioning of DM to grain, and was associated with increased functional "stay-green" trait (Ma and Dwyer, 1998; Tollenaar and Lee, 2006) . Both DM accumulation and HI could be influenced by planting density and N supply, but contradictory results were reported. Some researchers showed increased aboveground DM accumulation (Liu et al., 2003; Liu and Tollenaar, 2009) , while others (Tollenaar and Lee, 2011 ) demonstrated a level-off in total seasonal aboveground DM with increased plant population density. Both Ma and Dwyer (1998) and Ding et al. (2005) reported that the main difference in response of older and newer maize hybrids to N deficiency was due to less DM accumulation in older hybrids, however, there was no significant difference in HI between older and newer hybrids. In contrast, Echarte et al. (2008) showed that HI did not differ at high N availability but was greater in newer hybrids than in the older hybrid at low N availability. Therefore, the differential impact of low N level on grain yield in the two hybrids was attributable more to HI than to DM accumulation. The variable response of hybrids to N deficiency might be due to differences in timing of N supply and the N input level between studies, which is less well understood (Subedi and Ma, 2005a) . In general, most of the previous studies addressed the N effects on grain yield enhancing mechanisms of different hybrids released in different eras (i.e., genetic improvement). However, few studies have focused on integrated agronomic measures, such as change of shoot DM accumulation and HI, under different integrated management practices. New management strategies have since been recommended for adoption by smallholder farms in China (Zhang et al., 2011; Jin et al., 2012) . Given the current demand for the synchronous increases in yield and NUE, it is necessary to better understand the processes of yield formation and NUE between different cropping systems and at different yield levels. From an agronomic point of view, NUE in maize is defined as grain produced per unit of fertilizer N applied. It consists of two components: (i) nitrogen recovery efficiency (NRE), which reflects the ability of aboveground plant parts to acquire N from the fertilizer N applied, and (ii) nitrogen internal efficiency (NIE), which reflects the capacity of plants to transform the N taken up by the crop into grain N (Coque and Gallais, 2007; Moll et al., 1982) . It appears that the NRE component was more important under high N supply environments; whereas in low N available environments, NIE appeared to play a more important role (Ma and Dwyer, 1998; Moll et al., 1982; Mi et al., 2007) . Nitrogen uptake is dependent on root size and root function . During the postsilking period, continued uptake of N through a viable root system is a critical factor in retaining green leaf area, and thus prolonging DM accumulation and grain filling. Consequently, this lessens the demand for early N remobilization from vegetative to reproductive organs (Rajcan and Tollenaar, 1999) .
Genetic improvements in maize have led to significant changes in hybrid expression of NUE and its components. For example, Ciampitti and Vyn (2012) reviewed the physiological mechanisms of changes over time in maize yield dependency on N uptake and associated NUE. They suggested that both potential grain yield and NIE have improved from older to newer hybrids but total perplant N uptake at maturity has not changed despite the increased planting density recommended for new era genotypes. Previous studies using early-and late-senescing maize hybrids released in different eras suggested that the early-senescing hybrids had lower N uptake capacity with higher N remobilization efficiency, whereas late-senescing hybrids exhibited the opposite N dynamics. This was presumably related to higher leaf N retention to sustain the functional stay-green process (He et al., 2003; Ma and Dwyer, 1998; Rajcan and Tollenaar, 1999) . Accumulation and partitioning patterns of DM and N in different stay-green hybrids and transgenic near-isoline hybrids were analyzed by Ma and Dwyer (1998) and Ma (2005b, 2007) . Their results indicated that hybrids with greater yield or NUE were accompanied by greater DM production and more N uptake during the grain-filling period. There was no indication of greater allocation of N to the grain in hybrids with higher yield or NUE; the greater N content of the current transgenic or stay-green hybrids at physiological maturity was associated with greater DM accumulation during the grainfilling period. The prolonged maintenance of green leaf area for photosynthate production during grain filling and the ability to take up available soil N later in the grain-filling period might be the characteristics of maize hybrids with greater yield and NUE. However, relative contributions of pre-and post-silking photosynthetic C assimilation and N uptake to grain yield and NUE components were poorly understood in different integrated agronomic management practice systems. Few studies have considered an integrated agronomic package for concurrent improvement in maize yield and NUE. It is hypothesized that optimized agronomic practices could lead to a simultaneous increase in yield and NUE through more N uptake, greater DM production and balanced partitioning of N and DM during grain-filling. To test this hypothesis, a 2-yr field study was conducted to determine the impact of management strategies on DM accumulation, N uptake, and partitioning dynamics from vegetative stage to physiological maturity, and relate this to yield formation and NUE components.
MAteriAlS ANd MethodS

experimental Site
A field experiment was conducted under an irrigated cropping system in Tongliao, Inner Mongolia, China (43°36¢ N, 122°22¢ E, 1063 m a.s.l.) for 2 yr (2010 and 2011). The test site was located in a typical northeast China maize production region, with semiarid continental monsoon climate. The experimental field had a sandy loam soil texture with more than 10 yr of continuous maize production under a conventional shallow rotary tillage system before the current study. While the experimental fields differed between 2010 and 2011, they were adjacent to each other and maintained with maize as the previous crop for the study. Before land preparation, composite soil samples (0-30-cm depth) were taken and analyzed. The soil contained 0.96 g kg -1 total N, 10.8 mg kg -1 Olsen-P (NaHCO 3 extractant), and 101.2 mg kg -1 soil test K (NH 4 OAc-K) with a pH of 8.0 in 2010, and 0.91 g kg -1 total N, 9.7 mg kg -1 Olsen-P, 113.6 mg kg -1 soil test K and a pH value of 7.8 in 2011.
experimental design
Four integrated agronomic management treatments (MT) and an unfertilized control treatment (CK) were applied according to a randomized complete block design with four replications. The first MT was designed to reflect a regional typical farmer's practices package (FP), specifically shallow rotary tillage (15-cm depth), low plant population (60,000 plants ha -1 ), and high N and P application rates (247 kg N ha -1 and 104 kg P 2 O 5 ha -1 ) without addition of K fertilizer. OPT-1, the second MT, was an optimized combination of cropping and fertilization systems that included deep tillage (25-cm depth), higher plant density (75,000 plants ha -1 ), and reduced N and P (200 kg N ha -1 and 90 kg P 2 O 5 ha -1 ) with supplemental K (45 kg K 2 O ha -1 ). The third MT, HY, was a collection of agronomic practices based on high yield study results, specifically deep plowing (35-cm depth) to break the hardpan, the highest plant density (82,500 plants ha -1 ), and excessive N, P, and K application rates (474 kg N ha -1 , 170 kg P 2 O 5 ha -1 , 248 kg K 2 O ha -1 ), regardless of resource input costs. Finally, the fourth MT, OPT-2, was a combination of further optimized tillage and fertilization systems, including the same soil tillage and planting density used in the HY treatment but with reduced N, P, and K application rates (300 kg N ha -1 , 105 kg P 2 O 5 ha -1 , 45 kg K 2 O ha -1 ). For the CK treatment, the soil tillage and planting density were the same as in the FP treatment, but no fertilizer was applied. Note that data collected from the CK treatment was used only for the calculation of NUE. Treatment details and application dates are summarized in Table 1 .
Each plot was 6 by 25 m, with a 1 m gap between replications, and consisted of 10 rows of a popular maize hybrid Zhengdan958 spaced 0.6 m apart. To minimize any drought stress effect, the experimental field was uniformly irrigated four times, specifically at the six fully expanded leaf stage (V6), 12 leaf stage (V12), tasseling stage (VT), and kernel milk stage (R3). The irrigation volume was set to maintain the top 20-cm soil layer moisture at around 75% of field capacity. Weeds were controlled through hand hoeing; corn borer was controlled by spraying 2.5% deltamethrin when needed.
Sample Collection
Total aboveground biomass was collected and fractionated for the determination of DM and N uptake at V6, V12, R1 (silking), R3, and R6 (physiological maturity) stages. At each sampling, five consecutive plants from a designated area were cut at the stem base, separated into vegetative, reproductive components and kernels, if appropriate. The samples were chopped and dried to constant weight at 85 ± 5°C for DM determination. At the R1 stage, after cutting off the aboveground shoots, roots of the five consecutive plants were extracted to 100-cm depth with 20-cm increments. Roots were separated by washing off the soil through a 0.4 mm (40-mesh) sieve. All of the visible roots in each soil increment of each plot were collected, oven-dried, and weighed.
At physiological maturity (R6), the central three rows of each plot were hand-harvested for yield determination, and 30 ears were taken for measurement of the number of kernels per plant and kernel weight. Yield and kernel weight were adjusted and reported on a 155 g kg -1 water basis.
Dried plant material at each sampling stage was ground and used for the determination of N concentration with the Kjeldahl method. The N content of each fraction was calculated as the product of N concentration by its biomass. Nitrogen utilization parameters, including nitrogen partial factor productivity (PFP N ), NUE, NRE, and NIE were then calculated according to Ciampitti and Vyn (2012) as follows:
where GY fert. is the grain yield (kg ha -1 ) of an MT treatment receiving N fertilizer, and GY unfert. is the grain yield of unfertilized treatment (CK).
where Nupt fert. is N uptake in the fertilized MT treatment and Nupt unfert. is N uptake in the unfertilized treatment (CK).
Statistical Analysis
All the data were checked for outliers and tested for homogeneity of error variances each year. Analysis of variance was then executed using the SAS PROC MIXED (SAS Institute, 2009), where management strategy (MT) and year were considered fixed effects, and replication was a random effect. When year showed a significant interaction effect with MT, the results from individual years were presented; otherwise the average data from the 2 yr was shown. Mean comparisons among MT treatments were based on an ANOVA-protected LSD test at the 0.05 probability level. Relationships between yield parameters, N uptake, and DM allocation were established using linear regression procedures.
reSultS
In general, the weather data during the 2 yr of the study were similar to those of the long-term climate trend in this region. There was sufficient sunshine and high temperature to have enough crop heat units to reach physiological maturity (R6). While there was shortage of rainfall in September (monthly total rainfall of 4.0 mm in 2010, and 4.6 mm in 2011, compared to the 30-yr average of 26.6 mm), irrigation at the R3 stage provided the crop with adequate water to avoid any drought stress during the grain-filling stage. However, the lower September monthly temperature of 16.0°C in 2011 compared to 18.1°C in 2010 may have been the main driver of generally lower average yield of 6.5 Mg ha -1 in 2011 than that in 2010 (6.8 Mg ha -1 ).
Yield and Nitrogen Partial Factor Productivity
Agronomic management treatments significantly affected maize yield and PFP N , in both years (Table 2) . On average, grain yields were 4% higher for OPT-1, 31% higher for HY, and 27% higher for OPT-2, compared to the FP treatment. Accordingly, PFP N was 40% higher for OPT-1, and 18% higher for OPT-2 (Table 3 ). In contrast, HY decreased PFP N by 24% because of its excessive N input. PFP N for OPT-2 was 35% greater than for the HY treatment, with minimal differences in yield between these two treatments. 
MT
Tillage method Plant density Compared to the FP treatment, OPT-1 produced a similar number of kernels per ear but had significantly lower thousandkernel weight. Kernel numbers and thousand-kernel weights of HY and OPT-2 were both significantly lower than those of FP. In comparison to OPT-1, HY and OPT-2 had lower kernel number but similar thousand kernel weights. Grain yield per plant decreased significantly with increased plant densities in all treatments (Table 4 ). Our data demonstrated that reduction in individual plant productivity was offset by population size. Therefore, yield improvement was mainly derived from increased planting density (Table 4) .
dry Matter Accumulation and Nitrogen uptake
Given that MT and MT × Year had a significant effect on biomass (Table 4) , the results of DM accumulation and allocation patterns in each year are presented (Fig. 1A, 2A, and 3A) . In general, a significant increase in biomass was observed for OPT-1 (21%), HY (37%), and OPT-2 (44%) compared to FP (Fig. 1A) , whereas there was no difference in HI (Table 2) .
Dry matter allocation patterns from vegetative stage to physiological maturity were compared among MT treatments to help elucidate underlying processes that contribute to differences in photosynthetic C assimilation. In general, an increase in final plant biomass was associated with increasing grain yield, but there was no significant difference in aboveground biomass before silking stage among treatments in either year (Fig. 1A) .
The ratio of post-silking DM accumulation to total biomass was significantly greater in HY and OPT-2 treatments than in OPT-1 and FP ( Fig. 2A) . Averaged across the 2 yr, DM accumulation Table 3 . Means of nitrogen use efficiency (NUE), and its components, nitrogen recovery efficiency (NRE) and nitrogen internal efficiency (NIE) as affected by different management treatments (MT), averaged across 2 yr (2010 and 2011 from R1 to R6 accounted for approximately 49% of total biomass in HY and OPT-2, compared to 43 to 45% in OPT-1 and FP. Our data showed that after anthesis, DM accumulation was 13 to 15% greater in OPT-2 and HY than that in FP. Post-anthesis DM accumulation in OPT-1 was similar (around 2% greater) to that in FP.
In both years of the study, the OPT-2 and HY treatments had a greater portion (83-88%) of post-silking DM accumulation contributing to grain yield than in OPT-1 and FP treatments (79-83%) (Fig. 3A) . In 2010, the contribution ratio reported for the OPT-1 treatment was statistically higher than that for FP, but this difference was diminished in 2011, partly due to relatively lower temperature in September and drier conditions during grain filling of that year (data not shown).
Nitrogen accumulation dynamics showed a similar pattern to that of DM (Fig. 1B) , indicating that N uptake was driven by photosynthetic C assimilation. Plant N content increased significantly with increasing yield. Differences in plant total N among treatments were notable at the V12 stage and then enlarged during the grain-filling period. At maturity, OPT-1, HY, and OPT-2 had significantly greater amounts of plant total N than that found in FP. Plant total N uptake did not differ between HY and OPT-2 (Fig. 1B) .
The ratio of post-silking N uptake to plant total N content was significantly greater in HY (24.8%) and OPT-2 (24.9%) treatments than in OPT-1 (15.9%) and FP (13.1%), indicating that more N was taken up during the grain-filling stage in high yielding and N efficient treatments (Fig. 2B) . When compared to FP, there was a net gain of up to 46 kg N ha -1 in HY and OPT-2. Accordingly, the contribution ratio of post-silking N uptake to total grain N yield was significantly higher in HY and OPT-2 than in FP, but without any obvious difference between HY and OPT-2 treatments (Fig. 3B) . On average, N uptake during the grain-filling period contributed 44% in HY and 45% in OPT-2 to grain N accumulation, whereas OPT-1 and FP treatments had comparatively lower ratio at 34 and 27%, respectively.
In general, the ratio of post-silking DM accumulation to total biomass (49%) was two times of the ratio of post-silking N uptake to plant total N content (25%) in OPT-2. In comparison, the ratio of post-silking DM accumulation to total biomass (43%) for FP was more than three times of the ratio of post-silking N uptake to plant total N content (13%). Therefore, the optimized agronomic practice (OPT-2) led to a relatively more balanced partitioning of N and DM during grain filling. 
Nitrogen Efficiency Indices
On average, the overall NUE of OPT-1, HY, and OPT-2 ranged from 121 to 200% higher than that of FP. The differences in NUE among treatments originated mainly from NRE, with NRE values of 69, 83, and 133% for OPT-1, HY, and OPT-2, respectively higher than that for FP. Statistically, NRE exhibited a similar pattern as NUE among treatments, but no clear trend in NIE was observed (Table 3 ). Significant and positive correlations between NUE and NRE (R 2 = 0.81, P < 0.05) indicated that enhancement in NUE was predominantly the result of improved NRE under optimized conditions. Nitrogen internal efficiency was likely the limiting factor for further improvement of NUE.
Nitrogen recovery efficiency was positively correlated with root biomass at the silking stage (Fig. 4A) , and with post-silking N accumulation (Fig. 4B) . In contrast, there was no significant relationship either between NIE and post-silking N accumulation or between NIE and biomass (or N content) at the silking stage. Nitrogen internal efficiency was positively correlated with the ratio of pre-silking DM accumulation vs. post-silking DM accumulation, in contrast to the observed trend for NRE (Fig. 5) . This difference is a clear indication of the compromise between vegetative growth and reproductive production, as well as the trade-off between NRE and NIE. diSCuSSioN Through examining the crop response to four integrated management strategies under field conditions, this study provided solid evidence to support our hypothesis: The management strategy of optimized agronomic practices (OPT-2) has led to a simultaneous increase in yield and NUE with 13% more DM production and 12% greater N uptake. The similar contributions of post-silking DM accumulation to grain yield and post-silking N uptake to total grain N indicated a better balance between N uptake and DM partitioning during the grain-filling period.
Differences in DM accumulation among progressively integrated management treatments occurred most notably after anthesis. A similar finding with maize in a winter wheat-summer maize double-crop system was also reported (Jin et al., 2012) . Our data showed greater DM accumulation during the post-silking period, as well as a larger contribution of post-silking DM accumulation to grain yield in treatments of HY and OPT-2 (85.4 and 85.9%) than of OPT-1 and FP (81.7 and 80.5%). Lee and Tollenaar (2007) noted that improved DM accumulation of newer hybrids in the grain-filling period was related to functional stay-green, and the later could be attributed to post-silking N uptake (Ma and Dwyer, 1998; Rajcan and Tollenaar, 1999) . In this study, we demonstrated a similar trend among different integrated agronomic management systems. Higher yielding treatments (HY and OPT-2) accumulated 10% more N during the grain-filling period, contributing 15% more to total grain N than lower yielding treatments . Greater N uptake during the post-silking period was associated with larger leaf area during both the grain-filling period and at physiological maturity (data not shown), and thus promoted more DM accumulation (Rajcan and Tollenaar, 1999) . From this data we can infer that DM and N accumulation during post-silking could be mutually promotive or restrictive, depending on N supply conditions. In HY treatment, both DM accumulation and N uptake during the grain-filling period showed no difference compared to OPT-2, as its additional 174 kg N ha -1 input neither improved staygreen (similar leaf area compared to OPT-2 at silking and maturity) nor enhanced grain yield. Given the lower PFP N of the OPT-2 strategy compared to those of OPT-1 and FP observed in our study and similar findings in other research (Jin et al., 2012) , we feel further examination is warranted to reduce N-input in optimized integrated management strategies, as exemplified by OPT-2.
Increased NUE in modern hybrids is strongly associated with increases in NIE, which was primarily accompanied with reduced grain N concentration and to a less degree with N harvest index (NHI) gains (Ciampitti and Vyn, 2012) . However, our results showed that under optimized agronomic management conditions, improved NUE originated primarily from the improved NRE. This was related to the increased plant density and/or decreased N inputs under integrated management practices (OPT-1 and OPT-2), compared to FP and HY. Our results are in agreement with Ciampitti and Vyn (2011) , who also observed a large increase in NRE with increasing plant population density or with decreasing N inputs. Our results showed that improved NRE was clearly related to greater N accumulation after anthesis, relying on greater root biomass to support continuous N uptake. For this reason, NRE showed a negative relationship with the ratio of DM accumulation pre-silking vs. post-silking DM production. Nitrogen internal efficiency exhibited the opposite trend. This was related to sink establishment and functional stay-green status. First, the remobilization of accumulated DM and N uptake in vegetative organs (leaves and stem) to grain was restricted because of the decrease in per-plant kernel number (sink strength) under optimized treatments. Second, as Ciampitti and Vyn (2012) illustrated, the whole-plant N status before silking had a very strong influence on the achievement of per-unit-area maize grain yield at physiological maturity, predominantly through plant uptake impacts on per-plant kernel number. On the other hand, adequate N supply after silking was essential for high yield formation. Thus, a trade-off relationship resulted from the functional stay-green. On the positive side there is a clear increase in late-season plant N uptake, but on the negative side a higher proportion of plant N was retained in the leaf and stem organs at maturity which leads to a lower remobilization efficiency. For this reason there is great potential to enhance NIE in new hybrids and/or improve management practices by balancing N accumulation between vegetative and reproductive phases (Boomsma et al., 2009; Ciampitti and Vyn, 2012) .
CoNCluSioNS
In a field experiment conducted over 2 yr, we found that an integrated agronomic strategy (OPT-2) increased grain yield and NUE concurrently, with 34% in yield, 18% in PFP N and 200% in NUE, greater than those of conventional farmers' practices (FP). The greater grain yield was achieved through improved total biomass and larger post-silking DM and N accumulation. Greater NUE under OPT-2 primarily originated from the improved NRE, which is influenced by root biomass at silking stage and postsilking N accumulation. The trade-off between NRE and NIE can be exploited to further improve NUE and lower dependency on N fertilizer in maize production. Both genetic improvements and innovative agronomic management strategies could be finetuned to enhance NIE by balancing of DM and N accumulation between vegetative and reproductive stages of plant growth.
